Osteoporosis is a disease of weak bone and increased fracture risk caused by low bone mass and microarchitectural deterioration of bone tissue. The standard-of-care test used to diagnose osteoporosis, dual-energy x-ray absorptiometry (DXA) estimation of areal bone mineral density (BMD), has limitations as a tool to identify patients at risk for fracture and as a tool to monitor therapy response. Magnetic resonance imaging (MRI) assessment of bone structure and microarchitecture has been proposed as another method to assess bone quality and fracture risk in vivo. MRI is advantageous because it is noninvasive, does not require ionizing radiation, and can evaluate both cortical and trabecular bone. In this review article, we summarize and discuss research progress on MRI of bone structure and microarchitecture over the last decade, focusing on in vivo translational studies. Single-center, in vivo studies have provided some evidence for the added value of MRI as a biomarker of fracture risk or treatment response. Larger, prospective, multicenter studies are needed in the future to validate the results of these initial translational studies. O steoporosis is a disease of weak bone and increased fracture risk caused by low bone mass and microarchitectural deterioration of bone tissue. 1 Worldwide, 200 million people are affected by osteoporosis. 2 In the U.S., 2 million fragility fractures occur annually, resulting in greater than $17 billion in direct annual costs for fracture care. 3 Fragility fractures can have severe morbidity and mortality.
In women over age 45, osteoporosis accounts for more days spent in the hospital than diabetes, myocardial infarction, and breast cancer, 4 and in the first year after hip fracture, the mortality rate is as high as 20-24%. 5, 6 Osteoporosis is diagnosed by the occurrence of fragility fracture or by dual-energy x-ray absorptiometry (DXA) estimation of areal bone mineral density (BMD) in the hip or spine. 7 For DXA, if a patient's BMD T-score is less than 22.5
(ie, more than 2.5 standard deviations [SDs] below the mean BMD for a population of 30-year-old individuals of the same gender and race), then this patient is diagnosed as having osteoporosis. There is a strong association between low areal BMD and increased risk of fracture. One meta-analysis has shown that the predictive ability for a 1 SD decrease in BMD is roughly similar to that of a 1 SD increase in serum cholesterol concentration for prediction of cardiovascular disease. 8 However, DXA assessment of BMD has limitations. First, the majority of individuals who suffer fragility fractures do not have BMD T-scores < 22.5 and are misclassified as not having osteoporosis. 9, 10 Indeed, the same meta-analysis mentioned above also concluded that BMD measurements cannot identify individuals who will have a fracture. 8 This means that even if these individuals had received a DXA before suffering a fracture, they would not have been treated with a bonestrengthening drug, which can reduce fracture risk by 50%.
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Because of the low sensitivity of DXA, FRAX was developed. FRAX is a risk calculator that computes the 10-year probability of hip or major osteoporotic fracture by incorporating DXA-computed femoral neck areal BMD and clinical variables (age, gender, weight, height, fracture history, parental fracture history, alcohol and smoking history, glucocorticoid use, history of rheumatoid arthritis or secondary osteoporosis). 12 However, FRAX too has limitations and incompletely captures fracture risk. 13 To improve fracture risk assessment, the trabecular bone score (TBS), an index of microarchitecture derived from a grayscale texture analysis of DXA images, was developed and can be used to adjust an individual's FRAX score. 14, 15 However, its correlation with microarchitecture in vivo and bone strength has been questioned, 16, 17 and it can only be obtained in the lumbar spine, subject to the technical 2D limitations of DXA. 17 Finally, monitoring response to osteoporosis therapy with DXA has shortcomings. BMD changes very slowly after the start of therapy, requiring 2 years to change 0-4%. 18 The small magnitude of these changes makes dose-response studies challenging, and there is controversy over whether such small changes in BMD explain the antifracture effects of osteoporosis drugs. 18 The need for additional tools to diagnose osteoporosis, assess fracture risk, and monitor response to osteoporosis therapy have motivated the search for other methods to quantitatively assess and monitor bone fragility in vivo. Bone microarchitecture is an important contributor to bone strength independent of BMD and its deterioration is included in the disease definition of osteoporosis.
1 This review will summarize advances over the last decade in magnetic resonance imaging (MRI) of bone microarchitecture, focusing on in vivo translational studies.
Bone Tissue
Bone tissue consists of 65% inorganic matrix (minerals, mostly calcium hydroxyapatite crystals), which provides tissue stiffness, and 35% organic matrix (type I collagen, proteoglycans, bound water) which provides tissue tensile strength. 19, 20 There are two types of bone tissue, trabecular bone and cortical bone. Trabecular or cancellous bone is the internal compartment of bone tissue that consists by volume of 25% bone and 75% marrow (Fig. 1) . On the microstructural level, trabecular bone consists of a complex 3D network of trabecular plates and rods-its microarchitecture-which helps provide tissue resistance to loading forces. Bone microarchitecture is an important contributor to bone strength independent of bone mass, 21 and in the setting of osteoporosis, bone microarchitecture deteriorates, contributing to bone fragility. 22, 23 Indeed, it is for this reason that deterioration of bone microarchitecture is included in the disease definition of osteoporosis.
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Cortical or compact bone refers to the dense outer shell of bone tissue, which is 90% bone and 10% pore space by volume (Fig. 1) . Most of the pore space represents Haversian canals, which reside in the center of the osteon, and the remainder reflects osteocyte lacunae and canaliculi. This architecture is designed to resist bending, torsional, and shear forces. 20 Cortical porosity is an important contributor to bone fragility, 24 and there is evidence that metrics of cortical porosity may help discriminate subjects with fragility fractures from those without fractures independent of BMD.
25,26
Technical Advances Over The Last Decade MRI of Trabecular Microarchitecture MRI of bone microarchitecture was first described 2 decades ago in the distal radius and calcaneus. [27] [28] [29] MRI of trabecular microarchitecture actually refers to imaging of the marrow contents of the trabecular bone tissue compartment; hyperintense marrow signal provides contrast to trabecular plates and rods, which are hypointense on conventional MR images. The technical requirements (hardware, pulse sequences) to perform MRI of bone microarchitecture have previously been comprehensively described in a prior JMRI review published in 2007. 30 In brief, the main requirement to perform MRI of trabecular microarchitecture is signal-tonoise ratio (SNR). A minimum SNR of 10 is recommended, 30 which can permit voxel sizes of 0.13720.250 mm and slice thicknesses of 0.4-1.5 mm in scan times of 10-15 minutes. Since voxel size is directly proportional to SNR, decreasing both in-plane dimensions by 30% will result in an 50% reduction in SNR. Superficial anatomic sites, such as the distal radius (0-2 cm from the skin surface), provide higher SNR than deeper anatomic sites, such as the hip (6-10 cm from the skin surface), due to their closer proximity to the radiofrequency coil. As a result, for a given desired SNR, voxel sizes in the distal radius can be smaller than those that can be achieved in the hip. SNR gains can be facilitated by scanning at higher field strength, 31 using multichannel coils (with smaller coil dimensions), 32 and using SNR efficient pulse sequences. 30, 33 The choice of scanner field strength, coil, and pulse sequence to use should also be balanced against the commercial availability of the hardware and software and the desired study goal. For example, 1.5T and 3T MRI scanners are currently more widely accessible than 7T MRI scanners, and therefore would currently be better choices for multicenter clinical studies. Peripheral extremity MRI scanners, although capable of imaging only the knee, wrist, or ankle, could also provide another means for widespread clinical use given their smaller physical footprint and lower cost. In contrast, for a single-site research study focused on examining a disease or drug mechanism, a 7T MRI scanner using an in-house designed coil and pulse sequence that provide the highest possible SNR may be appropriate. Table 1 summarizes the different techniques available for assessment of bone microarchitecture and structure. Over the last decade, given the increasing availability of high-field and ultrahigh-field MRI scanners, there have been a greater number of osteoporosis MRI studies performed at 3T and 7T. The increased SNR provided by higher field strength scanners can allow reductions in voxel size and scan times and can permit the scanning of more proximal skeletal sites, which because of their deeper anatomic location (resulting in lower SNR) are more challenging to image with the same quality and resolution. While the early MRI studies of bone microarchitecture were performed in the distal extremities (wrist, ankle), 27, 28, 34 over the last decade more proximal anatomic sites have been investigated including the proximal tibia, distal femur, and the hip or proximal femur. [35] [36] [37] [38] [39] [40] [41] The ability to assess more proximal anatomic sites is important. Even though osteoporosis is a systemic disease, there is variation in bone quality and fracture susceptibility between the peripheral/central skeleton. For example, low hip BMD has a stronger association with hip fracture than low lumbar spine BMD. 42 In addition, the correlation Image Postprocessing for MRI of Trabecular Microarchitecture Image processing for quantitative assessment of morphological and topological parameters of trabecular microarchitecture has also been previously described in great detail. 30, [46] [47] [48] In general, these methods aim to characterize the number, thickness, separation, connectivity, anisotropy, and shape of the trabecular struts that compose the trabecular bone microarchitectural network, with the goal of providing metrics similar to those obtained by histomorphometry.
One notable image processing advancement has been the application of finite element analysis (FEA) to MR images of bone microarchitecture. [49] [50] [51] [52] [53] [54] [55] FEA is a mechanical engineering method that allows virtual stress testing of bones to compute metrics of bone mechanical competence (Fig. 2) . FEA has also been applied extensively in vivo to computed tomography (CT) [56] [57] [58] [59] and high-resolution peripheral quantitative computed tomography (HR-pQCT) 51, [60] [61] [62] [63] images of bone.
Ultrashort Echo Time MRI of Cortical Bone
Cortical bone is an important contributor to bone strength. Over the last decade, technical improvements in MRI have made it possible to assess and visualize tissues, such as cortical bone, that have very short T 2 relaxation times (<1 msec). This is accomplished by data acquisition using a very short or ultrashort echo time (UTE). The proton signal intensity in cortical bone is derived from: 1) cortical pore water (CPW) or water residing in microscopic pores, including Haversian canals and lacanue-canalicular systems (T 2 > 1 msec); 2) collagen-bound water (CBW) or water with restricted mobility bound to collagen within the bone matrix collagen (T 2 5 0.3-0.4 msec); and 3) protons of the collagen backbone or sidechain as well as of other species (T 2 < 0.1 msec). 64 A recent study provides evidence that signal from the latter proton species is not detectable with UTE MRI and that the UTE signal appears to be solely due to CPW and CBW. 65 There are excellent recent reviews on UTE of cortical bone. [66] [67] [68] These reviews describe in detail the data acquisition methods as well as summarize the experimental validation of UTE in specimen studies. Here, we focus on summarizing studies performed over the last decade in which UTE of cortical bone was applied in vivo to assess its potential as a biomarker of bone fragility. Techawiboonwong et al reported one of the earliest applications of UTE on a clinical 3T scanner in vivo. 69 Using a water phantom placed at the anterior aspect of the subject's tibia and a UTE sequence (TR 5 70 msec, TE 5 70 ls) without soft tissue signal suppression, the authors determined total bone water (BW) concentration (sum of CBW and CPW) as a ratio of signal intensities of the reference and bone. They applied this method in three different groups of patients: postmenopausal females (age 5 34.6 6 5.3 years, n 5 5), premenopausal females (age 5 69.4 6 6.6 years, n 5 5), and patients with renal osteodystrophy (age 5 51.8 6 6.5 years, n 5 6). The authors found that renal osteodystrophy subjects had 135% higher BW than premenopausal subjects (P < 0.001) and 43% higher BW than postmenopausal subjects (P 5 0.02). Of note, there was only a 6% difference in tibial volumetric BMD between the pre-and postmenopausal subjects (P < 0.003) and no difference in volumetric BMD between the renal osteodystrophy subjects and the control subjects of any age. Since subjects with renal osteodystrophy have increased fracture risk, the results suggested that cortical bone water may provide additional useful information beyond BMD for assessment of bone fragility.
Because BW arises from two contributions (CPW and CBW), which may be disproportionately affected in aging or in the setting of disease, investigators have proposed methods to discriminate between these two water contributions. Again, we focus on in vivo studies. Manhard et al used a double adiabatic full passage (DAFP) sequence and (37) an adiabatic inversion recovery (AIR) sequence to scan five healthy subjects (two males, three females, ages 5 24-49 years) three times each at the distal radius and distal tibia at 3T. 70 The DAFP sequence suppresses CBW while maintaining CPW signal, and the AIR sequence selectively nulls CPW while retaining CBW signal. Scan times were 14 minutes each for AIR and DAFP in the tibia. Using an external phantom scanned with the subjects, the authors calculated aggregate mean (across all scans) tibial bound water and pore water concentrations of 27. porosity. 72 Unlike biexponential analysis, which requires multiple timepoints, the SR method requires only two points and was calculated as the ratio of unsuppressed UTE signal to the long T 2 suppressed UTE signal. Two long-T 2 suppression methods were tested in vivo including a dualband saturation-prepared UTE sequence and an adiabatic inversion recovery UTE sequence, and the correlation between the two methods was high (r 5 0.98, P < 0.001).
In seven subjects scanned two times at the mid-tibia at 3T, the authors found the reproducibility of the suppression ratio method to be high, with an average within-subjects coefficient of variation of 1.5% using the IR technique. Finally, in 40 female subjects with an age range of 20-80 years, the authors found that the SR had a stronger correlation with age (r 5 0.64, P < 0001) than total BW (r 5 0.52, P 5 0.002), suggesting that SR may have added value, beyond total BW, as a biomarker of bone fragility with aging. More recently, Rajapaske et al described the specimen validation and clinical application of a method to map volumetric cortical bone porosity (the porosity index) calculated from the ratio of UTE signal intensity obtained at a long echo time to the signal intensity obtained at a short echo time (TR 12 msec, TE 5 50/4600 lsec, FOV 5 16 3 16 3 16 cm, 320 3 320 3 320 matrix, scan time <10 min). 73 An in vivo reproducibility study of five subjects (two women, three men, age range 5 26-41 years) demonstrated mean coefficients of variation for cortical and total bone porosity of 2.2% and 2.0%, respectively. Furthermore, the authors showed that they could capture pore size information (as validated by microcomputed tomography) and demonstrated that they could detect in vivo a range of porosity indices (15-31% and 24-38% for cortical and total bone regions) in 34 postmenopausal women (age range 5 55-80 years) (Fig. 3) . In summary, UTE MRI is a promising method that provides quantitative information about cortical bone porosity and collagen-bound water. Because of the relative novelty of the method, there are few in vivo clinical studies to date. In vivo clinical translation will be facilitated by improvements in hardware (fast transmit-receive switches, high-performance gradients), which will increase SNR and improve image quality, and the development and standardization of UTE product sequences and data processing software across vendors. This will permit researchers and clinicians to determine the best data acquisition schemes. For example, while dataprocessing methods like bicompartmental T 2 * mapping is easily available, there may be variation in results secondary to the choice of echo times, the SNR, and the relaxation model, which may not fully describe the entire UTE signal. 74 77 which has been applied in teeth in vivo, 78 and 31P MRI, 76, 79 which has also been performed in vivo, 80, 81 and would permit the eventual in vivo evaluation of bone mineral density using MRI.
Assessment of Bone Physiology
Although this review focuses on the advancements on in vivo MRI of bone microarchitecture and structure over the last decade, we do note that important progress has also been made on using MRI as a tool to evaluate bone physiology. In particular, there has been increasing literature on the use of MRI to quantitatively assess marrow fat content and composition using spectroscopy and chemical shift-based methods. [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] The development of such methods is important because marrow fat may serve as a risk factor for osteoporosis independent of bone mineral density. 93 Additional studies have investigated the use of perfusion MRI [94] [95] [96] [97] [98] [99] [100] [101] and diffusion MRI 102-108 as methods to assess bone vascularity and marrow cellularity as risk factors for osteoporosis. Finally, with the recent arrival of positron emission tomography (PET)/MRI scanners, it is now possible to assess bone turnover and metabolism in combination with anatomic imaging. Previously, PET has demonstrated potential as a method to assess metabolic activity and bone formation in patients with osteoporosis, including individuals on therapy. respectively. Within the last decade, several additional reproducibility studies have been performed at 1.5T, 3T, and 7T. Carballido et al scanned six subjects in vivo (two scans, 5 min apart, with repositioning between scans) at the distal radius and distal tibia at 1.5T (3D gradient recall echo [GRE] sequence, 0.156 3 0.156 3 0.5 mm). Reported coefficients of variation (CVs) for quantitative assessment of morphological and topological microarchitectural parameters ranged from 1.01% to 8.3% in the distal radius and 0.99% to 7.70% in the distal tibia, with an overall average reproducibility of 4.8%.
Lam et al scanned 20 subjects in vivo (three scans over the course of 8 weeks) at the distal radius at 1.5T (3D FLASE, 0.137 3 0.137 3 0.410 mm) and reported similar results on a different scanner and using a different image processing algorithm. 115 For whole-section trabecular regions of interest, they reported aggregate mean CVs/intraclass correlation coefficients (ICCs) of 4.4%/0.946 and 4.0%/0.974 for microstructural parameters and axial bone stiffness, respectively. For subregional trabecular regions of interest, corresponding values were 6.5%/0.946 and 5.5%/0.974 for microstructural parameters and mechanical parameters, respectively. Wald et al investigated the reproducibility for quantitative assessment of microarchitectural and mechanical parameters within the distal tibia at 3T and at two resolutions (seven subjects, three scans over 6 months, 3D FLASE, 0.137 3 0.137 3 0.410 mm and 0.160 3 0.160 3 0.160 mm). 116 The anisotropic data demonstrated in general better reproducibility with CVs/ICCs for microarchitectural and mechanical parameters ranging from 1.0-5.2%/0.75-0.99. For isotropic data, the CVs/ICCs for microarchitectural and mechanical parameters ranged from 0.87-8.1%/0.62-0.99.
Zuo et al scanned six subjects in vivo (two times with repositioning between scans) at the knee at 7T (3D SSFP, 10 cm FOV, 512 3 384 matrix, 1 mm slice thickness) and demonstrated CVs of 1.07-3.30% for trabecular microarchitectural parameters in the distal femur. 117 
Postmenopausal Osteoporosis
Postmenopausal women are the largest population affected by osteoporosis, and not surprisingly have been the most commonly evaluated cohort in MRI studies of bone microarchitecture. In one 3T MRI study of the hip (3D FLASH, 0.234 3 0.234 3 1.5 mm), 22 postmenopausal women with fragility fractures were compared to 22 age-, gender-, and BMI-matched controls without fracture (Fig. 4) . Finite element analysis was applied to images of proximal femur microarchitecture to compute elastic moduli in five subregions of the proximal femur. Subjects with fragility fracture demonstrated lower MRI-computed elastic moduli (-33.2% to -66.8% of control values, P 5 0.04-0.006) in all regions of the proximal femur compared to the controls. 40 In contrast, there were no differences in femoral neck, total hip, or spine BMD T-scores between groups. Overall, the results suggest that MRI of bone microarchitecture and strength may have value beyond that of BMD for fracture risk assessment. In another study of the distal radius at 1.5T (3D FLASE, 0.137 3 0.137 3 0.400 mm), 18 postmenopausal women with a history of low-energy fracture were compared to 18 age-, race-, and BMD-matched postmenopausal women without fracture. 122 All women in this study were not osteoporotic by densitometric criterion (ie, had BMD T-scores > 22.5). Fracture subjects had 14% lower surfacecurve ratio (marker of trabecular plate-to-rod ratio, P 5 0.04), 17% higher erosion index (marker of trabecular network resorption, P 5 0.03), and 9% lower trabecular bone volume fraction (P < 0.001) compared to controls. There were no differences in hip, spine, or distal radius BMD between groups. Of note, because all subjects were classified by DXA as not osteoporotic, the results suggest that MRI might have the potential to detect individuals at increased fracture risk who are not detectable by standard DXA criteria. In another study of the distal femur at 7T (3D FLASH, 0.234 3 0.234 3 1 mm), 31 postmenopausal females with fragility fracture were compared to 25 postmenopausal control subjects without fracture. 123 Subjects with fragility fracture demonstrated deterioration in several microarchitectural parameters compared to controls, and in particular 450% higher trabecular isolation and 341% higher trabecular rodlike structure (P < 0.03 for all), while differences in hip and spine DXA T-scores between groups were not significant (P > 0.05) (Fig. 5 ). In addition, in receiver operating characteristic (ROC) analyses, microarchitectural parameters could discriminate fracture cases from controls (area under the curve [AUC] 5 0.66-073, P < 0.05), while hip and spine BMD T-scores could not (AUC 5 0.58-0.64, P > 0.07). Limitations of this study include the limited availability of 7T MRI scanners, and nearsignificant differences in BMD T-scores between groups. Finally, 96 women with hip or spine T-scores between 21.5 and 23.5 underwent 1.5T MRI of the distal tibia and distal radius (3D FLASE, 0.137 3 0.137 3 0.410 mm) and had their spinal deformity index measured on midline sagittal MRI. 124 The combination of distal radial trabecular surface density and trabecular bone volume fraction were found to FIGURE 5: 7T MRI reveals deterioration in distal femur trabecular bone microarchitecture in a fragility fracture subject (left panel) compared to a control subject (right panel). The fracture subject demonstrates fewer trabeculae, which are disconnected, and more widely spaced apart.
account for 30% of the variation of spinal deformity index (r 2 5 0.31, P < 0.0001) independent of spinal BMD, which demonstrated no significant correlation with spinal deformity (r 5 0.16, P 5 0.09). This cohort was later analyzed using finite element analysis to estimate stiffness in the distal tibia and distal radius. 125 Total tibial stiffness correlated with biconcave fractures (r 5 0.67, P < 0.005), wedge fractures (r 5 0.57, P < 0.005), but not crush fractures (r 5 0.27, P > 0.05). With the exception of the total radial stiffness and biconcave fractures (r 5 0.40, P < 0.05), radial measures were not correlated with fracture type (r 5 0.07-0.32, P > 0.05).
Males on Antiandrogen Therapy
By preventing androgen synthesis, antiandrogen therapy for prostate cancer puts men at higher risk for fragility fracture. In one study, 137 older men treated with greater than 6 months of androgen deprivation therapy were scanned with clinical DXA to assess BMD and with 1.5T MRI of the right forearm to assess microarchitecture. 126 Screening vertebral fracture assessment revealed fractures in 51 men, the majority of which had not been previously diagnosed. Men with moderate to severe vertebral fractures demonstrated deterioration in distal radius microarchitecture compared to controls without fracture, including lower bone volume fraction (215%, P < 0.05), lower surface density (219%, P < 0.05), and higher erosion index (122%, P < 0.05). In ROC analyses, the addition of MRI parameters to BMD resulted in statistically significant improvements in the ability to discriminate fracture cases from controls (AUC for hip and spine T-scores 5 0.804, AUC for hip and spine T-scores and MRI measures 5 0.89; P 5 0.040 for increase in AUC).
Glucocorticoid-Induced Osteoporosis and Renal Osteodystrophy
Glucocorticoid-induced osteoporosis is the most common secondary form of osteoporosis. 127 However, there is no clear relationship between BMD and fracture risk in long-term glucocorticoid users. 128 In one small 3T MRI study of the hip (3D FLASH 0.234 3 0.234 3 1.5 mm), six subjects (two male, four female) with >1 year cumulative glucocorticoid use were compared to six healthy controls (two male, four female). 129 The controls were older than the glucocorticoid users and the glucocorticoid users had higher median hip BMD T-scores compared to controls (femoral neck 22.1 vs. 22.6, P 5 0.24, total hip 21.3 vs. 22.3, P 5 0.002). However, despite this, compared to the controls, the glucocorticoid users had lower femoral neck trabecular number (250.3%, P 5 0.02), trabecular plate-to-rod ratio (220.1%, P 5 0.03), higher trabecular separation (1191%, P 5 0.02), and lower elastic modulus (264.8 to 274.8%, P < 0.05). The study was limited by a small sample size, but highlights the possible utility of MRI of microarchitecture, beyond simply BMD assessment, for the diagnosis of osteoporosis and assessment of fracture risk in long-term glucocorticoid users.
In a 1.5T MRI study of the distal tibia (3D FLASE, 0.137 3 0.137 3 0.410 mm), 49 patients (24 female, 25 male) were evaluated at 2 weeks and 6 months after renal transplantation. 130 The posttransplant regimen included glucocorticoids for all participants. Participants had a small yet significant decrease in spine BMD (<3%, P < 0.0001) and no change in hip BMD. Compared to baseline, multiple measures of bone strength as computed by FEA decreased over time, including cortical stiffness (23.72%, P 5 0.03), cortical failure strength (27.61%, P 5 0.0003), trabecular stiffness (24.94%, P 5 0.03), and failure strength (25.95%, P 5 0.004), whole bone stiffness (24.29%, P 5 0.003), and failure strength (25.61%, P 5 0.0004). Trabecular number, thickness, and bone volume fraction did not show any significant changes over 6 months, raising the possibility that MR estimates of bone strength might provide additional sensitivity for monitoring longitudinal changes compared to microarchitectural measures themselves.
Diabetes
Subjects with type I diabetes and type II diabetes are at increased risk for fracture. 131, 132 In a 3T MR study of the proximal tibia (0.3 3 0.3 3 0.3 mm), 30 young women with type 1 diabetes were compared to 28 healthy female controls. 133 Compared to controls, diabetic subjects demonstrated reduced apparent bone volume fraction (29.1%, P 5 0.018), reduced trabecular number (210%, P 5 0.012), and higher trabecular separation (112%, P 5 0.012). Diabetic subjects also demonstrated significant difference in multiple MRI measures of subcutaneous, visceral, and total body tissue adiposity. In a 1.0T MRI study of the distal radius (3D GRE, 0.195 3 0.195 3 1 mm), 30 postmenopausal women with type 2 diabetes were compared to 30 postmenopausal female controls. 134 There were no differences between groups in terms of bone volume fraction (21%, P 5 0.45), trabecular thickness (0%, P 5 0.59), trabecular spacing (21%, P 5 0.29), trabecular number (12%, P 5 0.25), or BMD T-scores (P > 0.05). Trabecular bone network hole size was, however, significantly increased in diabetic subjects compared to controls (113%, P 5 0.011). In a 2-year follow-up study of approximately half of the original subjects, 135 diabetic subjects demonstrated a greater percent change in number of trabecular bone holes compared to controls (110% vs. 27%, P 5 0.01) after adjusting for ethnicity, but this result was no longer significant after adjusting for multiple comparisons (P 5 0.09). The use of 1.0T, which has lower SNR compared to 1.5T, 3T, or 7T, may have contributed to the inability to detect longitudinal changes in this study.
Disuse Osteoporosis
In a 1.5T MRI study of the distal femur (3D GRE, 0.175 3 0.175 3 0.700 mm), 10 children with disuse osteoporosis secondary to cerebral palsy were compared to 10 healthy age-and gender-matched controls. 136 Compared to controls, patients with cerebral palsy demonstrated lower apparent bone volume (230%, P < 0.05), lower trabecular number (221%, P < 0.05), lower trabecular thickness (212%, P < 0.05), and higher trabecular separation (148%, P < 0.05). Patients with cerebral palsy also demonstrated lower areal BMD compared to controls (237%, P < 0.05). A subsequent study by the same authors involving 12 children with cerebral palsy and 12 controls recapitulated these findings, and microarchitectural deterioration worsened as the distance from the growth plate increased. 137 
Future Work
The body of work above provides evidence that MRI can detect microarchitectural deterioration in patients with primary or secondary osteoporosis compared to controls and that there may be added value beyond BMD for assessment of fracture risk. These in vivo translational studies have been crosssectional and have had relatively small sample sizes (<100 subjects). In the future, it will be important to perform longitudinal studies with larger numbers of subjects to determine if microarchitectural parameters have benefit beyond BMD and/ or FRAX for prediction of incident fracture. It will also be important to standardize the imaging method (skeletal location, field strength, pulse sequence, voxel size) and determine which microarchitectural parameter or combination of parameters should be measured to be assess fracture risk.
MRI Of Bone Microarchitecture For Monitoring Treatment Response
There is increasing evidence that MRI can be used to monitor longitudinal changes in bone microarchitecture in response to bone-strengthening interventions.
Treatment Response: Postmenopausal Women Greenspan et al performed a 12-month longitudinal study of 10 postmenopausal women treated with risedronate using 1.5T MRI of the distal radius and DXA of the hip, spine, and distal radius. 138 No control group was followed longitudinally.
At 12 months, risedronate-treated subjects demonstrated a 13.0 6 5.4% increase in surface-curve ratio (trabecular plateto-rod ratio, P < 0.05) and a 12.1 6 3.1% decrease in erosion index (inverse marker of trabecular network connectivity, P < 0.01) compared to baseline. No significant longitudinal changes in MRI-computed bone volume fraction or DXAcomputed areal BMD at any location were identified, suggesting that monitoring microarchitectural parameters might provide benefit for monitoring therapy response, beyond simply monitoring bone mass.
Folkesson et al performed a longitudinal study of 53 postmenopausal osteopenic women who were randomized to either treatment with alendronate (70 mg weekly plus calcium and vitamin D, n 5 26) or to a control group (calcium and vitamin D only, n 5 27). 139 Compared to baseline, the alendronate group demonstrated statistically significant 24-month longitudinal changes in 3T MR-derived microarchitectural parameters in the distal tibia, including higher BV/TV (13.53%), higher trabecular number (14.43%), lower trabecular separation (25.35%), and decreases in inverse markers of trabecular connectivity (22.69% to 23.52%). Areal BMD was monitored in the distal radius, and the difference in percent longitudinal change in areal BMD between the treatment group and control group was statistically significant at 12 (11.84%) and 24 months (12.66%).
Black et al performed a 12-month longitudinal study of 50 osteopenic postmenopausal women who were randomized to either parathyroid hormone (PTH 1-84) therapy (n 5 25) or placebo (n 5 25). 140 Compared with the placebo group, PTH-treated women demonstrated increased lumbar spine areal BMD (12.1%, P 5 0.03) and MRI-computed distal radius trabecular bone volume, number, and thickness (P 5 0.04). The latter microarchitectural changes were observed in the most proximal aspect of the distal radius only. Of note, there were no statistically significant changes in areal hip or femoral neck BMD or volumetric BMD at the hip or spine, suggesting that MRI might provide some additional benefit for monitoring treatment response. Finally, Wehrli et al performed a 24-month longitudinal study of 32 early menopausal women on estradiol therapy and 33 matched female controls using DXA and 1.5T MRI of the distal radius and tibia. 141 Compared to baseline, at 12 months there were no significant changes in microarchitectural parameters in the treatment group. However, the control group demonstrated deterioration in distal tibial trabecular microarchitecture manifested by 5.6% lower surface-curve ratio (marker of plate-rod ratio), P < 0.0005), 7.1% higher erosion index (marker of osteoclastic network resorption, P < 0.0005), and higher curve (9.8%) and profile (5.1%) edges (reflecting from disconnection of rod-like trabeculae, P < 0.001 for both). By 24 months, within the treatment group, microarchitectural parameters changed by as much as 10.81% (surface-interiors, P 5 0.03) compared to baseline, while no statistically significant increases in areal hip or spine BMD were detected (P 0.52). Furthermore, for microarchitectural parameters, differences in the mean changes from baseline between the treatment and control group were as high as 13% (surface-curve ratio, P 5 0.005), while for spine and hip areal BMD differences in mean changes from baseline between the two groups was <5.0% (P < 0.005). In a follow-up study, Wehrli et al showed that the same treated subjects also demonstrated higher FEA-computed distal tibial axial stiffness at 12/ 24 months (5.8%/6.2%, P < 0.05), while the control subjects demonstrated decreased axial stiffness at the same timepoints (3.9%/4.0%, P < 0005). Overall, the results suggest that monitoring of trabecular microarchitectural and parameters may have added value beyond BMD as a sensitive means to monitor bone response to estradiol therapy.
Treatment Response: Hypogonadal Men
Zhang et al performed a 24-month longitudinal study of 10 hypogonadal men treated with a testosterone gel and 10 eugonadal male controls. 142 The subjects received a 1.5T
MRI of the distal tibia at baseline and after 6, 12, and 24 months of treatment. In hypogonadal men, at 24 months compared to baseline, there were statistically significant increases in the elastic moduli of a subvolume of the distal tibia (19.0% for E 22 , 15.1% for E 33 , P < 0.05 for both) and significant increases in the standard morphological parameters of trabecular thickness (12.0%, P < 0.05) and bone volume fraction (13.4%, P < 0.05). In eugonadal men, at 24 months compared to baseline, there were no statistically significant changes in distal tibia elastic moduli or trabecular microarchitectural parameters.
Treatment Response: Spinal Cord Injury Patients
Gordon et al performed a longitudinal study of 10 male and 2 female patients with disuse osteoporosis secondary to spinal cord injury. 143 These patients were treated with physical therapy and teriparatide and had DXA and 3T MRI of the distal tibia at baseline, 3 months, and 6 months. Only six subjects completed the MRI at 3 months and only four subjects completed the MRI at 6 months. Compared to baseline, at 3 months the subjects demonstrated 23.6 6 22.3% higher surface-to-curve ratio, 17.04 6 12.9% lower erosion index, and 4.4 6 4.06%, greater trabecular thickness (P < 0.05 for all); however, these improvements in bone microarchitecture did not remain statistically significant at 6 months. MRIcomputed bone volume fraction and DXA measurements of spine or hip BMD did not demonstrate any statistically significant differences compared to baseline at 3 or 6 months, suggesting that measurement of bone mass alone may not capture treatment changes. However, this study had a small sample size, 66% attrition, and lacked a control group.
Future Directions And Conclusion
In summary, over the last decade advancements in MRI of bone microarchitecture and structure include the application of finite element analysis to MR images to compute metrics of bone strength, the initial in vivo translation of UTE methods to assess cortical bone porosity and collagen bound-water in vivo, the extension of MRI of microarchitecture to more proximal anatomic locations, including the hip, and the application of the MRI methods in a variety of patient populations (females, males, disuse osteoporosis, steroid therapy, renal osteodystrohpy, diabetes) in cross-sectional studies to detect disease and longitudinal studies to monitor treatment response. The majority of MRI studies have been performed at 1.5T and 3T scanners, which are widely available, and MRI does have the advantage of not requiring ionizing radiation and being able to assess trabecular and cortical bone microarchitecture. However, larger, prospective studies are needed to determine whether the MRI methods can predict future fracture or fracture risk reduction in response to therapy, and whether there is value in measuring these microarchitectural parameters beyond DXA-computed areal BMD.
It also remains to be determined whether the microarchitectural information obtained by MRI has benefit beyond other methods to assess fracture risk and monitor treatment response, including: FRAX; trabecular bone score (TBS), which is assumed to correlate with microarchitecture and derived from a texture analysis of DXA images (no additional imaging required, but can currently only be obtained in the lumbar spine and is subject to 2D technical limitations of DXA); conventional CT (can obtain BMD information and widely available, but lower resolution and requires ionizing radiation); and high-resolution peripheral quantitative computed tomography (higher resolution, but can be performed only in peripheral extremities and not widely available).
Finally, the cost-effectiveness of these methods should be determined. In the field of cardiology, risk stratification for ischemic heart disease involves clinical risk assessments (eg, Framingham heart score), relatively simple laboratory and bedside testing (cholesterol, blood pressure, electrocardiogram [ECG]), and more advanced testing (exercise treadmill ECG testing, nuclear medicine, echocardiography), which collectively have improved the care of patients at risk for myocardial infarction. It will take time, but hopefully the novel MRI tools being developed and tested in the field of osteoporosis will similarly improve the care of patients at risk for fragility fracture.
